Ocular hypertension, a major risk factor for glaucoma, is thought to trigger glaucomatous neurodegeneration through injury to retinal ganglion cell (RGC) axons. The molecular signaling pathway leading from ocular hypertension to RGC degeneration, however, is not well defined. JNK signaling, a component of the mitogen-activated protein kinase (MAPK) family, and its canonical target, the transcription factor JUN, have been shown to regulate neurodegeneration in many different systems. JUN is expressed after glaucoma-relevant injuries and Jun deficiency protects RGCs after mechanical injury to the optic nerve. Here, we tested the importance of JNK-JUN signaling for RGC death after ocular hypertensive axonal injury in an age-related, mouse model of ocular hypertension. Immunohistochemistry was performed to evaluate JUN expression in ocular hypertensive DBA/2J mice. JUN was expressed in a temporal and spatial pattern consistent with a role in glaucomatous injury. To determine the importance of JUN in ocular hypertension-induced RGC death, a floxed allele of Jun and a retinal expressed cre recombinase (Six3-cre) were backcrossed onto the DBA/2J background. Intraocular pressure (IOP) and gross morphology of the retina and optic nerve head were assessed to determine whether removing Jun from the developing retina altered IOP elevation or retinal development. Jun deficiency in the retina did not alter DBA/2J IOP elevation or retinal development. Optic nerves and retinas were assessed at ages known to have glaucomatous damage in DBA/2J mice. Jun deficiency protected RGC somas from ocular hypertensive injury, but did not protect RGC axons from glaucomatous neurodegeneration. Jun is a major regulator of RGC somal degeneration after glaucomatous ocular hypertensive injury. These results suggest in glaucomatous neurodegeneration, JNK-JUN signaling has a major role as a pro-death signaling pathway between axonal injury and somal degeneration.
Glaucoma is characterized by stereotypical death of retinal ganglion cells (RGCs). Ocular hypertension, a major risk factor for glaucoma, causes glaucomatous neurodegeneration by injuring RGC axons.
1,2 Ocular hypertension-induced axonal injury is thought to occur to RGCs as they exit through a specialized structure, the lamina cribrosa. [3] [4] [5] [6] [7] Within RGCs, axonal injury triggers a molecular cascade that ultimately leads to the apoptotic death of RGCs. 8 Activation of BAX, a molecule important for triggering the final events in the apoptotic cascade, is known to be critical for axonal injury induced RGC death. [9] [10] [11] [12] Unfortunately, however, the vast majority of the molecular pathway leading from axonal injury to RGC apoptosis in glaucoma remains unclear.
After axonal injury, phosphorylation-dependent signals are among the first changes to occur within the axon. 13, 14 These signaling pathways are known to alter a cell's transcriptional response to injury as well as control its viability. Glaucomarelevant insults, such as cytoskeleton disruption, neurotropic deprivation, and extrinsic pro-inflammatory signals all can activate phosphorylation-dependent signaling cascades. The mitogen-activated protein kinase (MAPK) family is a phosphorylation-dependent signaling system known to be an important pro-death signaling pathway in injured neurons, including after glaucoma-relevant injuries. 15, 16 In particular, c-Jun N-terminal kinases (JNKs), members of the MAPK family, have been suggested to be important in neurodegeneration. 15, 16 JNK signaling is activated in RGCs after glaucoma-relevant injuries and pJNK is present in RGCs in human glaucoma patients. 13, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Several studies have shown that inhibiting JNK activation lessens/delays RGC death after glaucoma-relevant insults. 18, 19, 27 Thus, multiple lines of evidence support JNK signaling being involved in glaucomatous neurodegeneration.
The canonical target of pathological JNK signaling is the transcription factor JUN. JUN is an AP-1 family transcription factor. AP-1 family transcriptional activity is known to be an early critical component of the neuronal axonal injury response. 28 JUN is activated in RGCs after several glaucoma-relevant insults such as excitotoxicity, optic nerve injury, and elevated intraocular pressure (IOP). [18] [19] [20] [21] [22] We recently showed that RGC death after mechanical axonal injury is significantly reduced in mice with retinal-specific deletion of Jun. 19 In fact, Jun deficiency prevented RGC death during the first two weeks after controlled optic nerve crush (CONC), a result similar to that observed in Bax-deficient mice, though Jun deficiency did not provide the complete long term protection of Bax deficiency. 9, 12, 19, 29 These data support the hypothesis that JUN activation is critical for RGC death in glaucoma, similar to acute models of axon injury. However, because RGC death in glaucoma may differ from experimentally induced axonal injury -in the magnitude of insult, kinetics of RGC cell loss, or extrinsic triggers (glial signaling) versus intrinsic triggers (cytoskeleton disruption) -the role of JUN and JNK must be tested in an ocular hypertensive glaucoma model. 30, 31 Furthermore, increasing evidence points to transcriptional events being key mediators of neuronal degeneration. In some instances, transcriptional changes are required for axonal degeneration or, alternatively, for regenerative events and increasing axonal stability after injury. [32] [33] [34] Here, we directly test the importance of JUN in regulating axonal and somal degeneration in an age-related, stochastic model of ocular hypertension, the DBA/2J mouse. We find that JUN is expressed in this model in a temporal and spatial pattern consistent with a role in glaucomatous neurodegeneration. Though Jun does not appear to have a role in axonal degeneration after ocular hypertensive injury, Jun was found to be a major regulator of RGC somal degeneration after ocular hypertensive injury. These results suggest that JNK-JUN signaling has a major role as a pro-death signaling pathway between axonal injury and somal degeneration in glaucomatous neurodegeneration.
Results
JUN is expressed in aged DBA/2J mice. The DBA/2J mouse is an age-related, stochastic model of ocular hypertension. 35, 36 Mutations in two DBA/2J genes, Gpnmb and Tyrp1, cause an iris disease that leads to age-related ocular hypertension. 37 The increased IOP results in significant RGC death and axonal degeneration in the majority of DBA/2J eyes. 38 Genetic, surgical, and pharmacologic studies have demonstrated that DBA/2J glaucomatous phenotypes are a result of ocular hypertension. [39] [40] [41] [42] In DBA/2J mice, IOP increases from 6-12 months of age, and the majority of DBA/2J mice demonstrate severe glaucomatous damage by 12 months of age. 35 To determine whether JUN signaling is active in RGCs after ocular hypertensive insult, the expression of JUN was evaluated in 10.5 month DBA/2J mice, a time point when approximately half of all DBA/2J retinas have clear, morphological signs of glaucomatous damage. 35 JUN expression was upregulated in 80% of retinas evaluated (n = 10) consistent with the asynchronous onset of ocular hypertension ( Figure 1 ). JUN accumulated in RGCs in the retina of nerves with no/early and severe glaucomatous damage (see methods). JUN was expressed in patches in retinas with corresponding nerves with no/early damage and was widely expressed in retinas with corresponding moderate or severe nerves. Thus, JUN was expressed in a temporal and spatial pattern consistent with this transcription factor functioning during the window of RGC death in DBA/2J ocular hypertension.
Establishing and validating Jun-deficient DBA/2J mice. As JUN was expressed after ocular hypertensive injury, a floxed allele of Jun and Six3-cre (a neural retina cre) were backcrossed into the DBA/2J mouse to test the importance of JUN signaling in glaucomatous neurodegeneration. 43, 44 As recombination efficiency can differ between mouse strains and cell type, the recombination efficiency of Six3-cre was assessed in the DBA/2J genetic background. The number of JUN+ cells were counted in retinal flat mounts 1 day after CONC, a time point prior to RGC death when JUN is widely expressed in injured RGCs. 19 JUN+ cells were reduced in Jun-deficient retinas as compared with wild-type retinas and Jun heterozygous retinas by 83.1 and 82.7%, respectively (Figures 2a and b , Po0.001, n = 6). No significant difference was observed in JUN expression between Jun wild-type retinas and Jun heterozygous retinas. Thus, Six3-cre appears to provide complete recombination of Jun from over 80% of RGCs on the DBA/2J genetic background.
Jun deficiency has been shown previously to protect RGCs after mechanical optic nerve insult in C57BL/6J animals. 19 Figure 1 JUN is expressed in ocular hypertensive mice. To determine whether JUN expression was consistent with a role in ocular hypertension-induced RGC death, retinal flat mounts (RGC cell up) were examined from 10.5-month-old DBA/2J mice. Retinas with corresponding optic nerves with no (no/early nerves) or severe glaucomatous damage were assessed. JUN (red) accumulates in RGCs (labeled with TUJI, a marker of RGCs, green) in the retina of nerves with both no/early and severe damage at 10.5 months of age. Two representative images from the same retina with a corresponding no/early damage nerve are shown to demonstrate the heterogeneity of JUN expression. JUN was expressed in 8 of 10 eyes evaluated. JUN (red) is expressed in a temporal and spatial pattern consistent with a function in ocular hypertensive-induced RGC death. Scale bar: 50 μm Different genetic backgrounds can affect RGC death after axonal insult. 12, 45, 46 To ensure the DBA/2J genetic background did not alter the protection afforded by Jun deficiency for RGC death after axonal injury, CONC was performed in young DBA/2J animals (o5 months of age), prior to the development of increased IOP. 35 Similar to the protection observed on the C57BL/6J background, 18 Jun-deficient animals had 88.7% fewer dying RGCs (stained with cleaved caspase) as compared with wild-type animals 5 days after axonal injury (Figures 2 c and d, Po0.001, n = 6). In addition, 35 days after CONC Jun-deficient animals had greater RGC survival as compared with wild-type controls (Figures 2 e and f, 75.5% survival in Jun-deficient versus 25.1% survival in WT animals, Po0.001, n = 6). Thus, Jun deficiency conferred similar protection to RGCs after acute axonal injury in both C57BL/6J and DBA/2J mice.
Jun deficiency does not alter the glaucoma-relevant endo-phenotypes of DBA/2J mice. The optic nerve head is a critical structure in the primary pathophysiology of glaucoma and thus altering the morphology of this structure could influence glaucomatous phenotypes. 3, 7 Genetic manipulation of a known JUN target gene, Bim, has been shown to alter vascular and optic nerve head morphology in DBA/2J mice. 47, 48 To determine whether Jun deficiency altered optic nerve head morphology, Jun-deficient, Jun heterozygous, and wild-type animals were evaluated prior to the development of IOP elevation (o5 months). Jun deficiency did not appear to alter gross optic nerve head or retinal morphology ( Figure 3a and data not shown).
Glaucomatous neurodegeneration in DBA/2J mice is dependent on IOP elevation. [39] [40] [41] [42] To ensure Jun deficiency did not alter the IOP profile of DBA/2J mice, IOPs of Jun-deficient, Jun heterozygous, and wild-type animals were measured at a time point before IOP is known to become elevated (3-5 months of age). Not surprisingly, as Jun was not deleted from the ocular structures controlling IOP regulation, Jun deficiency did not alter IOP levels in young mice To ensure genetic background did not alter the protection afforded by Jun deficiency for RGC death after axonal injury, CONC was performed in young DBA/2J animals (o5 months of age). (c, d) Similar to the protection from CONC observed on the C57BL/6J background, 18 Jun-deficient animals had 88.7% fewer cleaved caspase 3+cells (cCASP3, red) as compared with control animals (Po0.001, n = 6). (e, f) Jun-deficient animals had significantly greater RGC survival (TUJ1+ cells, green) than wild-type animals 35 days after CONC, a time point when the majority of RGCs will have died after CONC (WT: 25.1% survival, Jun-deficient: 75.5% survival; *, Po0.001, n = 6; scale bars: 50 μm). Error bars represent S.E.M.
( Figure 3b ). IOPs were also measured at time points where DBA/2J mice are known to be ocular hypertensive (9, 10.5, and 12 months of age). IOP measurements at 9M, 10.5M, and 12M of age were significantly increased compared with animals o5 months of age for all genotypes (Po0.05). Furthermore, there were no significant differences observed at any time point across the different genotypes (Figure 3b , n = 64 per genotype for o5M, 9M, 10.5M; n ≥ 48 per genotype for 12M; P40.05 for all comparisons within a time point). Together these data suggest that Jun deficiency does not alter glaucoma-relevant endo-phenotypes such as optic nerve morphology and IOP profile in DBA/2J mice.
Jun deficiency does not prevent ocular hypertensioninduced optic nerve degeneration. To assess the influence of Jun deficiency on DBA/2J ocular hypertension-induced axonal degeneration, optic nerves from mice at various ages were stained with paraphenylenediamine (PPD) and graded on a scale measuring glaucomatous optic nerve damage (no/early, moderate, or severe depending on axonal loss and gliosis; see methods for more details about the scoring criteria). 4, 9, 47 Prior to IOP elevation (mice between 1.5-5 months of age) no glaucomatous damage was observed in any genotype (Figure 4 ; n = 10 for each genotype; P40.05 for each comparison). At 12 months of age, a time point when most of the axonal damage that will happen has already occurred in DBA/2J mice, 35 Jun deficiency did not lessen axonal damage (Figure 4 ; n ≥ 50 for each genotype; P40.05 for all comparisons). By using DBA/2J mice at an earlier time point (10.5 months), several studies have shown that either genetic or pharmaceutical manipulation can delay glaucomatous damage. 9, 49, 50 Therefore, a cohort of DBA/2J mice was examined at 10.5 months of age (n = 30 for all genotypes). At 10.5 months,~50% of nerves demonstrate severe optic nerve pathology in the wild-type animals. Similar to 12 months of age, there was no significant difference in optic nerve damage level between any genotype (Figure 4 ; P40.05 for all comparisons). Jun deficiency therefore does not appear to prevent or delay ocular hypertension-induced axonal damage in DBA/2J mice.
JUN is important for ocular hypertension-induced RGC degeneration. After ocular hypertensive injury, separate molecular mechanisms are known to contribute to RGC axonal and somal degeneration. 4, 9, 30, [51] [52] [53] [54] For instance, Bax deficiency protected RGC somas, but not axons from ocular hypertension-induced RGC death. 9 Furthermore, after mechanical axonal injury, we have shown that deficiency of Dlk or Jnk2 and Jnk3 protects RGCs from somal degeneration, but not axonal degeneration. 18, 55 Therefore, it is possible that Jun deficiency could have an important role in somal loss in ocular hypertensive DBA/2J mice. To establish the relationship between RGC survival and optic nerve severity, RGCs were counted in aged wild-type DBA/2J mice. (Figures 5c and d ; n ≥ 12 per genotype, Po0.05). The RGC somal protection conferred by Jun deficiency may be even higher as~17% of RGCs still express JUN (due to incomplete recombination of the Jun allele by Six3-cre), suggesting that perhaps~75% of RGCs may survive in animals with massive glaucomatous damage to their optic nerves. These data demonstrate an important role for Jun in ocular hypertension-induced RGC death.
Discussion
Ocular hypertension, a leading risk factor for glaucoma, injures RGC axons and kills RGCs. 1, 3, 7, 56 Distinct molecular signaling pathways have been shown to govern somal and axonal degeneration after glaucomatous ocular hypertension injury. 4, 9, 30, [51] [52] [53] [54] The specific signaling cascade(s) leading to RGC somal and axonal degeneration after a glaucomatous injury is not known. As glaucomatous damage is likely due to axonal injury, models of axonal injury have been used to study the molecular signaling pathways critical for glaucomatous neurodegeneration. Mechanical optic nerve injury (optic nerve crush and optic nerve transection) provides an acute model for investigation of axonal injury-induced RGC death. There are, however, important differences between mechanical optic nerve injury and ocular hypertension. For instance, the expression of the Wallerian degeneration slow mutation (Wld S ) significantly slows RGC axonal and somal degeneration in glaucoma, but does not lessen RGC apoptosis after optic nerve crush. 4, 53, 54, 57 Furthermore, multiple studies have suggested glia and blood derived cells are involved in ocular hypertension-induced RGC death; events that may not be required after direct axonal injury. [58] [59] [60] [61] [62] [63] Thus, to determine the critical molecular signaling events that govern both axonal and somal glaucomatous neurodegeneration, it is necessary to test molecules in a model of ocular hypertension. In the present work, the role of Jun, a member of the MAPK signaling family, which has been implicated in many glaucoma-relevant injuries, was critically tested for its importance in ocular hypertension-induced RGC death. In ocular hypertensive DBA/2J mice, JUN was expressed prior to RGC death after ocular hypertensive injury. Furthermore, Jun deficiency protected RGC somas, but not axons from ocular hypertension-induced glaucomatous neurodegeneration.
Jun signaling is important for RGC somal degeneration in ocular hypertensive DBA/2J mice. Jun deficiency significantly protected RGC somas in eyes with severe glaucomatous axonal injury. Ultimately, as BAX activation has been shown to be required for RGC death in DBA/2J mice, a JUN-dependent pro-death signaling pathway must converge on BAX activation. 8, 9, 12 Since JUN is a transcription factor, it is likely that JUN controls the expression of genes that contribute to BAX activation. In RGCs JUN has been shown to control several molecules involved in RGC death after axonal injury. 19, 47 For instance, Bim, a member of the pro-death Bcl-2 family of proteins known to activate BAX, is regulated by JUN in RGCs. Bim deficiency also lessens RGC death after mechanical axonal injury. 47 However, Bim deficiency did not lessen RGC somal degeneration in ocular hypertensive mice. These data suggest other pro-death Bcl-2 family members are directly or indirectly controlled by JUN activation and contribute to ocular hypertension-induced RGC death. Atf3, which like Jun is also a member of the AP-1 family of transcription factors, has been suggested to be involved in glaucomatous neurodegeneration. [64] [65] [66] [67] ATF3 expression is controlled by JUN in RGCs, however, deficiency in Atf3 only provides minor protection to RGCs after mechanical axonal injury compared with Jun deficiency. 19 Therefore, the key downstream Jun-dependent pro-death transcriptional events linking JUN activation to BAX activation in ocular hypertensive eyes are undefined. Furthermore, in addition to the pro-death signaling role of JUN, JUN has been shown to regulate pro-survival signaling.
19,68-70 A pro-survival role for JUN may account for the lost RGCs in Jun-deficient mice and/or the axonal degeneration in ocular hypertensive DBA/2J mice. JUN could be a major transcriptional hub in RGCs, controlling pro-survival, pro-death and pro-regenerative pathways. 19 Detailed study of the downstream targets of JUN, including determining whether JUN targets change with the duration or magnitude of an ocular hypertensive insult is an important next step in understanding JUN's role in injured RGCs. Understanding the gene network controlled by JUN may lead to a better understanding of how RGCs respond to an ocular hypertensive injury and how ultimately, they either die or survive that insult. In addition to identifying downstream transcriptional targets, determining the signaling molecules upstream of Jun is an important step in understanding the molecular degeneration cascade triggered by an ocular hypertensive injury. Several members of the MAPK signaling family upstream of Jun, including Jnk2, Jnk3, and Dlk have been found to be important for RGC death after axonal injury. 18, 55, 71, 72 Identifying the upstream targets of Jun may also help uncover the inciting insult leading to RGC death and axonal degeneration. Further defining the molecular role of the MAPK family, including potential non-canonical roles for MAPK signaling, in addition to evaluating non-MAPK family members will be necessary to define the signaling cascade leading to RGC death in ocular hypertension.
Although Jun deficiency protects RGCs somas after ocular hypertension injury, Jun is not required for axonal degeneration. Dual leucine kinase (DLK), a mitogen-activated protein kinase kinase kinase (MAP3K) upstream of JNK/JUN signaling, is also an important regulator of RGC death after axonal injury. 55, 71, 72 Furthermore, Dlk has been implicated in axonal degeneration after ocular hypertension injury. Pharmacological inhibition using a kinase inhibitor (Tozasertib; a non specific inhibitor of DLK 73, 74 ) was reported to protect RGCs and optic nerve axons in an acute, ocular hypertensive model of glaucoma. 72 In addition to Dlk deficiency providing RGC protection and moderate axonal protection after acute axonal injury, DLK has been shown to have a role in axonal degeneration in other models. Dlk deficiency delays axonal degeneration after sciatic nerve transection and axotomy of dorsal root ganglia. 75 Downstream of DLK, pharmacologic inhibition of JNK signaling delays axonal degeneration after axonal injury in drosophila and cultured mammalian neurons. 76 Despite the role of MAPK signaling in ocular hypertension-induced axonal degeneration as evidenced by the involvement of DLK and JNK, axonal degeneration after ocular hypertension must proceed through non-canonical DLK signaling because deficiency of its canonical downstream effector, Jun, does not prevent axonal degeneration. Furthermore, pharmacologic inhibition of DLK did not provide complete protection to the axonal compartment after ocular hypertension and Dlk deficiency did not prevent axonal degeneration after CONC. 55, 72 Together, these results suggest another pro-death signaling pathway contributes to RGC axonal degeneration. Further study of other signaling molecules suggested to have a role in axonal degeneration such as DDIT3, IKK, GSK3, or PHR1 will be necessary to understand the signaling pathways for axonal degeneration after ocular hypertension.
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Figure 5 JUN is important for ocular hypertension-induced RGC degeneration. RGCs were counted in wild-type DBA/2J mice to determine the relationship between RGC survival and optic nerve severity (a; stained with TUJI). (b) Quantification of RGCs demonstrated increased optic nerve damage was associated with decreased RGC survival (n ≥ 8 per group, Po0.05). To determine whether Jun deficiency protected RGC somas after ocular hypertension-induced injury, RGCs (c); stained with TUJI) were counted in retinal flat mounts with corresponding nerves with severe optic nerve damage (nerves judged to haveo5% of axons surviving). (d) Quantification of Jun wild-type and Jun-deficient eyes with severely degenerated optic nerves showed that Jun deficiency provided significant protection to RGC somas compared to WT eyes; data normalized to young (o5 month) control animals (WT: 25.5% survival, Jun-deficient: 60.4% survival; *, Po0.001, n ≥ 12; scale bars 50 μm)
Conclusion
JUN was expressed in RGCs in a spatial and temporal pattern consistent with a role in RGC death after ocular hypertensive injury, an important risk factor for glaucoma. Jun deficiency did not provide protection to RGC axons in the ocular hypertensive injury but did provide robust protection to RGC somas. It is important to note Jun deficiency did not provide complete protection to RGCs even after accounting for incomplete recombination of the Jun allele. Consequently, activation of another pro-death signaling molecule upstream of Bax must be crucial for ocular hypertension-induced RGC somal death. JUN has both pro-death and pro-survival roles in RGCs after axonal injury to RGCs, making it possible that JUN-dependent pro-survival signaling is important for maintaining RGC viability after an ocular hypertensive injury. JUN appears to have an important role in RGCs after axonal injury, likely acting as a transcriptional hub controlling molecular pathways integral to the viability of RGCs. It will be important to understand the transcriptional network JUN controls as well as determine whether these networks change with the duration or intensity of ocular hypertension. Furthermore, it will be important to understand the molecular pathway that leads to JUN activation after a glaucomatous insult. Such study is likely to lead to the initiating events in RGCs that trigger axonal injury-induced RGC death. JUN has an important role in the death of RGCs after an ocular hypertensive insult.
Materials and Methods
Mice. Mice were fed chow and water ad libitum and housed on a 12 h light to dark cycle. All experiments were conducted in adherence with the Association for Research in Vision and Ophthalmology's statement on the use of animals in ophthalmic and vision research and were approved by the University of Rochester's University Committee on Animal Resources. A floxed allele of Jun 43 and Six3-cre recombinase (a neural retina cre) 44 were backcrossed onto the DBA/2J background for at least seven generations. During the backcrossing, mice were genotyped to ensure the colony was homozygous for the Gpnmb and Tyrp1 alleles that impart iris disease and secondary IOP elevation in DBA/2J mice. 37, 80 Following the backcross, animals were intercrossed to generate animals (1) 35 approximately equal numbers of male and female animals were used for the experiments assessing glaucomatous damage (between 47 and 53% for each sex for each condition and time point).
Mechanical optic nerve injury and glaucoma. CONC was performed on young DBA/2J mice anesthetized with 100 mg/kg ketamine and 10 mg/kg xylazine as previously described. 9, 18, 19, 29, 47, 55 In brief, the optic nerve was exposed and then crushed with self-closing forceps for 5 s immediately behind the eye. Sham surgery was performed in control eyes where the optic nerve was exposed but not crushed. Animal cohorts were harvested 1, 5, and 35 days following CONC. IOPs were measured using the TonoLab (Colonial Medical Supply, Franconia, NH, USA) at 3-5, 9, 10.5, and 12 months of age. IOPs were recorded according to manufacturer's instructions three to five minutes after administration of anesthetic 100 mg/kg ketamine and 10 mg/kg xylazine. To determine the level of glaucomatous nerve damage, nerves were stained with PPD as has been previously described. 4, 9, 47 In brief, nerves were dissected, processed, embedded in Technovit 7100 (Electron Microscopy Sciences, Hatfield, PA, USA), cut (1.5 μm sections), and stained with PPD. PPD stains the myelin sheath of all axons but differentially darkly stains the axoplasm of dying axons. A validated grading scale was used to assess the level of glaucomatous damage as has been previously described: 4, 9, 47 no or early nerves were judged to have o5% of the axons lost or damaged, a number that is consistent with age-related damage; moderate nerves were judged to have many damaged axons throughout the nerve averaging~30% of the axons damaged or lost often with localized signs of gliosis; severe nerves were judged to have 450% of the axons lost or damaged and often with large areas of glial scarring.
Retinal histology and cell counts. For plastic sectioning, eyes were fixed for 24 h in a solution of 2.5% gluteraldehyde, 2% paraformaldehyde (PFA) at 4°C. Eyes were then dehydrated, embedded in Technovit 7100 and sectioned at 2.5 μm. Sections that included the optic nerve were stained with Multiple Stain Solution (Polysciences, Inc, Warminster, PA, USA). For immunohistochemistry, eyes were fixed in 4% PFA for 2 hours at room temperature. The posterior segment was processed for whole mount immunostaining as has been previously described. 9, 18, 19, 29, 55 For whole mount immunostaining, retinas were dissected free of the optic cup, blocked in 10% horse serum in 0.3% TritonX in 1 × PBS overnight at 4°C, and incubated for three days at 4°C in primary antibody. Primary antibodies included: rabbit anti-JUN (Abcam, 1:250, Cambridge, UK) and mouse βIII tubulin (TUJ1, 1:000, Covance, San Diego, CA, USA). Whole retinas were washed, incubated at 4°C in Alexafluor-conjugated secondary antibodies (Invitrogen, Carlsbad, CA, USA) for 48 h, washed, and mounted RGC side up in Fluorogel in TRIS buffer (Electron Microscopy Sciences). Quantification of TUJI+ and JUN+ cells was completed on eight × 40 fields per retina equally spaced 220μm from the peripheral edge of the retina. 18, 19 The cell-counter tool in ImageJ was used for quantification.
Statistical analysis. For all experimental conditions, at least four retinas were analyzed for each genotype. During quantification of cell counts, the experimenters were masked to genotype and/or experimental cohort. Experiments comparing differences across two groups were analyzed using the unpaired Student's t-test. Experiments comparing differences at a single time across more than two groups were analyzed using a one-way ANOVA followed by the Bonferroni post hoc test for group comparisons. Experiments comparing differences across more than one time point with more than two groups were analyzed using a two-way ANOVA followed by the Bonferroni post hoc test for group comparisons. Statistical significance was considered P-valueso0.05.
